During last years an interest in the processes of transport and fate of pollutants to the polar regions located distantly from industrial centers, has significantly increased. The current analytical techniques enabling conducting studies prove that the Arctic regions (in the past considered as a pollution free area) have become an area of highly intensive anthropopresion. Svalbard archipelago stands out from the other polar regions due to its specific environmental conditions and geographic location, which results in becoming a reservoir of contamination in this area. Systematic environmental monitoring of arctic regions is extremely important due to an unique opportunity of observing a direct impact of pollution on the ongoing processes in the area of interest. In this way measurement data obtained are a valuable source of information, not only on changes occurring in the Arctic ecosystem, but also on estimated global impact of certain xenobiotics present in the environment. Furthermore, qualitative and quantitative studies on particular chemicals deposited in different regions of the Arctic ecosystem may constitute the basis for undertaking actions aimed at preventing negative effects caused by these pollutants.
Introduction
Svalbard is an archipelago located between 74°N and 81°N and 10-35°E. Situated entirely northward from the polar circle, it is an isolated group of islands, separated from Greenland and Franz Josef Land by wide straits. The Scandinavian Peninsula, closest part of mainland Europe, is 800 km distant from Svalbard. Thus, the area is far from potential
Transport of pollutants throughout the Svalbard Archipelago
Pollutants can be transported over significant distances. They can cross national borders and even continents. The range of their impact can be distanced from their source of emission by thousands of kilometers, which is why the harmful effects of chemical compounds introduced into the environment was neglected for a long time. The results of research conducted on the quality of air and water in areas considered to be free from the influence of anthropogenic pollution indicate that harmful compounds are deposited on a vast area, including the Svalbard archipelago [8] .
Transport of pollutants over long distances includes: transport in surface waters, transport in air, global distribution of pollutants in difference components of the environment (air, water, soil, living organisms) [9] .
For the most part, transport over long distances is a consequence of the mass movement of air or water. However, the movement can also occur by diffusion, rapid in the air and somewhat slower in water. The fate of pollutants depends both on the properties of the substances themselves as well as environmental factors. The properties of substances that may affect their transport and distribution in the environment includes: polarity, partition coefficient, vapor pressure, stability. Meanwhile, the environmental factors which have a crucial significance include: temperature, wind speed, air mass circulation, the move of surface waters (currents) [9] .
The deposition of pollutants in the Svalbard archipelago is determined by its position (high geographical latitudes) and climatic factors. Low temperatures recorded in this area mean that a condition for survival for many species of animals is the consumption of lipids, which are the main source of energy. Fats, however, are a very good solvent for a large group of pollutants, which contribute to their penetration into the food chain [10] .
The presence of persistent pollutants from anthropogenic sources in environmental samples collected from polar areas indicate that these compounds can be transported over long distances, far from the places of their release into the environment. The transport of pollutants to polar regions occurs mainly through the atmosphere. During the winter, atmospheric circulation contributes to the creation of a "tunnel", through which pollutants are transported from regions in Central Europe and industrialized areas of Siberia. During the summer, the transport of pollutants from lower latitudes to the north is difficult. The resulting polar front creates a barrier to the polluted air masses [11] .
The transport of pollutants over long distances is dependent on circulation and the movement of air masses as well as the physical state of the pollution. They can appear both in a gaseous phase as well as in bound forms, such as droplets and dust particles. Pollutants can be deposited in wet and dry forms [9] .
Oceans also play an important role in the circulation and removal of persistent organic pollution (POPs). Much of the POPs in water originate from atmospheric deposition. Less volatile and more hydrophobic POPs (such as polycyclic aromatic hydrocarbons, PAHs) in marine waters may be subjected to sorption by microorganisms. In this way, a portion of the POPs is removed from surface waters; however, harmful substances do not decompose but are stored in sediments [12] .
Pollutants in water appear in various forms. They can be dissolved or adsorbed in suspension. In this form, pollutants can be transported over long distances. The main factor in the spread of pollutants is surface currents. Another important factor influencing the transport of pollutants is water density, whose increase results in water masses being transported to ocean deeps. It is often assumed that oceans, as a result of their size, dilute pollutants and at the same time reduce their concentrations to low levels. However, the distribution of pollutants is not uniform, which can be caused by currents and the falling of suspended matter to the ocean bottom. Also, as a result of the inclusion of POPs in the marine food chain, pollutants can be transported over significant distances and cause the movement of these compounds from one ecosystem to another [9] .
Geological-climatic considerations of the Svalbard Archipelago

Geological and geomorphological circumstances
Svalbard is a geologically diversified area, consisting of rocks formed as early as in Precambrian, as well as Tertiary and Quaternary sediments. Western and north-eastern part of the archipelago is built of rocks called The Basement, formed before Silurian. These rocks underwent multiple metamorphosis, folding and faulting episodes. The oldest rocks found in the area, dated using zircon minerals, are 3200 million years old [13] . The southern part is generally formed by post-Devonian strata, with Tertiary rocks located in the middle of the area (Central Tertiary Basin, with almost horizontal rock layers [14] ). Devonian rocks show only in the middle north of Spitsbergen (the biggest island of the archipelago). Tertiary strata contain coal seams, recently mined in the vicinity of Longyearbyen, Sveagruva and Barentsburg (the latter being rather nominal [15] ). Several oil drilling research activities were undertaken, but no significant field was found so far in Svalbard shelf [16, 17] .
60% of Svalbard area is glaciated, thus glaciers can be considered the main geomorphological factor in the archipelago. Most of the area is covered by individual ice streams, which join in areas lacking ridges and nunataks. There are some cirque glaciers as well in the area [18] . 90% of glaciers in Svalbard are considered polythermal (subpolar), partly below pressure melting point temperature. Typically, the glaciers move with moderate velocities, not exceeding 1 m per year (in water equivalent) for ice flow and 10 m per year for surface velocity at ELA. However, rapid movement occurs as well, particularly during surge episodes (surge-type glaciers being numerous in Svalbard; [14, 18] ). Surges tend to repeat in cycles, which in Svalbard last between several decades and several hundreds of years [19] .
Earlier in the Quaternary, the whole Svalbard was covered with an ice sheet. Once it melted, isostatic movements lifted the land, leaving raised beaches next to the shores [14] . Even nowadays the mass balance of Svalbard glaciers is negative, so the percentage covered by ice diminishes. Particularly intensive ablation is experienced by tidewater glaciers, where additional ablation process is calving [19] . Along with glaciers, ice-cored moraines melt and reshape [20] .
The non-glaciated area of Svalbard shows an influence of glacial and fluvioglacial shaping, with vast moraines and sandurs, as well as periglacial processes [20, 21] . Coastal zones show influence of former deglaciation [22] . Permafrost in Svalbard is continuous with depths varying between 1 and 500 meters, depending on distance from the sea [14] . The freeze-thaw processes in the active layer cause the formation of patterned grounds in forms of rings and hexagons, or sometimes without that much regularity. In areas with thick debris cover, like scree slopes and talus cones, rock glaciers form by freezing of water between rock fragments. Another periglacial feature often spotted in Svalbard is formations of pingos -some 80 of them were identified in the archipelago [14] . A thorough characterisation of these and other periglacial phenomena in Svalbard was given by Humlum et al [23] .
Geological circumstances (limestone, marble, dolomite and gypsum layers) facilitate the occurrence of Karst features in the archipelago as well. On the shores, littoral karstic processes form niches and rounded stacks. In a few locations in Svalbard hydrothermal Karst occurs. The largest area of hydrothermal Karst, located on Sorkappland, is formed around Trolosen springs. Features similar to karstic, eg caves, are also found in glaciers [24] .
Climatological conditions
Geomorphology of Svalbard, due to its significant proportion of ice-covered area, is prone to change for climatic reasons, particularly with recent warming trends. For example, in the years 1995-2005 the mean surface air temperature in the Arctic has risen for 1°C as compared with 1951-1990 mean, which was followed by retreat of many glaciers in the archipelago [25] .
Temperatures in Svalbard are highly influenced by the local branch of Gulf Stream, which makes the area the most favourable place in the Arctic -temperature-wise -for human activities [26] . The warm current increases also the humidity of the area, so that the Norwegian Arctic is one of the most humid part of the northern circumpolar area [27] . Moreover, the warming effect has been increasing over the last decades, as shown by surface sea water temperature changes. Around Svalbard, there were statistically significant warming trends of surface sea water temperature between 1983 and 2004 [28] .
Not only oceanic, but also atmospheric circulation shapes major climatological conditions in Svalbard. Typical atmospheric circulation for Svalbard is dominated by low pressure, eastern and northern directions of air influx, especially between October and March [29] . However, the circulation patterns in Svalbard have changed significantly since 1950. The frequency of southern and western circulation increased, and also, the activity of low pressure systems increased [30] . These changes influenced also the frequency of extreme precipitation events (with high totals). Because of that, two years in the last decade of 20 th century in Hornsund were characterised by precipitation totals above 600 mm [31] . The highest daily total in Hornsund was reached in 1994, and it equalled to 58.3 mm [32] .
Precipitation is significantly influenced by the orographic effect, eg winter accumulation snow on Hans glacier (in water equivalent) can be even 10 times the precipitation in Polish Polar Station in Hornsund, close to the sea shore, during the same period [33] . Also the topoclimate of glaciers influences precipitation and temperatures locally [34] . Typical annual precipitation totals in the stations located close to the sea shore vary between 190 and 525 mm [35] .
Radiation in Svalbard is heavily influenced by annual cycle of polar day and night, with transitional periods in spring and autumn. The month with highest total radiation is June, eg in Hornsund in 2008 the total radiation amounted to 545 MJm -2 . The radiation balance for Hornsund for one year (V 2008 -IV 2009) was equal to 105 MJm -2 which portrays the harsh conditions in the area [36] . Thus, the vegetation starts to bloom in lower temperatures than in temperate latitudes: 0°C is the beginning of vegetation period in Svalbard and 2.5°C is enough for flowers to blossom and produce seeds [37] .
The plant cover interacts with local climate conditions both ways. Albedo values on tundra differ between a few and 90% in autumn, when the snow cover is not stable; on the opposite, spring values are characterised by very small changes. In the summer (July-August), only 14÷17% of incident radiation is reflected from the plant-covered surface, which enables the ground to gain warmth at that time. The ground devoid of plant cover conducts heat downwards while plants conserve favourable conditions for life in the thin layer around the ground surface [38, 39] .
Hydrological features
The main sources of liquid water in Svalbard are melting of the glaciers, snow and permafrost plus rain. In glaciated catchments 90% of overall discharge comes from glacier melt [40] . The characteristics of a proglacial river outflow were described by Sobota et al [41] using Waldemar River in Svalbard as an example. Peak discharges occurred in connection to high temperatures and foehn effects. Also daily discharge dynamics links to temperature cycle (with a small time lag), with minima in the morning and maxima between 4 and 6 p.m. Typical for proglacial rivers is high suspended sediment load, for Waldemar River on average 0.38÷0.41 g/dm 3 . Other characteristics of proglacial discharge in Svalbard can be found eg in Hodson et al [42, 43] , Krawczyk & Bartoszewski [44] and Hodgkins et al [45] .
While precipitation water in Svalbard is usually characterised by dominant sodium and chloride ions, riverine waters tend to take up magnesium, calcium and carbonate ions from rock sources, sometimes supplemented by sulphate ion [43, 46, 47] . Hodson et al [43] mention three factors that shape chemical composition of riverine waters in Svalbard: release of solute from snow, rapid reactions with mineral material and slow dissolution of silicate minerals. Proglacial waters in Bellsund region [46] showed mineralisation values between 50 and 100 mg/dm 3 TDS (Total Dissolved Solids), while waters of non-glacierised catchments reached TDS concentration of 200 mg/dm 3 . Yet another example of comparison between glacial catchment and an ice-free one, is provided in two articles by Krawczyk [48, 49] . For a hydrological year with relatively low discharge denudation rates in glacial catchment (Bayelva) were almost twice as high as in the karst catchment devoid of glaciers (Londonelva).
Flora and fauna in the Svalbard Archipelago
The area with plant cover on Spitsbergen (largest island in the archipelago) is estimated for 10% [2] . Svalbard contains three bioclimatic zones: polar desert, northern Arctic tundra and middle Arctic tundra. Due to this extent of diversity, plant communities can cover less than 5% and up to 50% of land in different locations. The areas richest in vegetation are those around inner fiords, which is exemplified by rich collections in herbaria from Bellsund area [4, 50] .
About 5800 floral and faunal species live in the vicinity of Svalbard, of which approximately 4000 are terrestrial [4] . 165 species are native vascular plants, the local flora being richer than elsewhere at the same latitude with similarities to floras of Novaya Zemlya and Franz Josef Land [51, 52] . Floral composition is dominated by lichens (at least 600 species [53] , and mosses on land, with addition of flowering plants, including dwarf trees (polar willow Salix polaris, net-leaved willow Salix reticulate and dwarf birch Betula nana [54] ).
Plants and animals in the Arctic have developed several strategies to survive freezing temperatures and other adverse environmental conditions. Appropriate strategies include freeze avoidance, freeze tolerance and protective dehydration [55] . To propagate despite the short vegetation season, plants use vegetative reproduction frequently [4] .
The areas of most abundant vegetation are those fertilised by excrements, while sparse is plant cover of the disturbed places. Bird cliff meadows and lush moss tundra occur below slopes inhabited by bird colonies, due to fertilising effect; reindeer and other grazing species may be important providers of fertilising nutrients as well [4, 56] . These prove to be important seed banks for the surrounding areas [51] . On the other hand, areas freshly deglaciated and disturbed by river erosion and deposition are those devoid of plant cover. Other areas do not seem to have changed the vegetation cover extent significantly over decades [57] . People in the Arctic also cause disturbances to plant cover, particularly by leaving vehicle tracks and pedestrian trampling. In extreme cases, these can lead to a complete change of environment, eg by draining wetland through a single track [58] . Some of these disturbed places need several decades to recover, eg vehicle tracks left after building the Polish Polar Station in Hornsund remain unchanged after more than 50 years. Important to mention are also marine ecosystems, diversified in deep fjords according to the proportion of freshwater coming from rivers and melting glaciers, as well as saline oceanic water, the influx of which can be blocked by sea floor topography. An example of thorough fiord ecosystem investigation can be found in Hop et al [59] .
Human activity and pollution
In the Svalbard air, many pollutants were detected, both inorganic and organic. Organic pollution includes n-alkanes, PAHs (polycyclic aromatic hydrocarbons) and n-alkanoic acids [60] , polybrominated diphenyl ethers [61] , hexachlorocyclohexane and hexachlorobenzene [62] and organic acids (eg oxalic, succinic, malonic [63] ). Zeppelin station in Ny Alesund is also one of the monitoring stations in the Arctic that is most affected by airborne polychlorinated biphenyl (PCBs), due to its proximity to mainland Europe, which altogether with northern Russia is the most frequent source of the contaminated air inflow to the Arctic [64, 65] . In Austfonna ice cores, even organophosphorus and other pesticides were found [66] .
Airborne contaminants are scavenged by snow and rainfall, reaching the ground; also riming and fog can deposit pollutants from the atmosphere [67] . In the composition of snow from Svalbard additional sulphate is occurring, most probably due to local coal combustion sources. However, Svalbard experiences much less inorganic contaminants than the Russian Arctic [68] . Acid precipitation events from the industrial era can be found in ice cores taken in Svalbard [11] . Also organic pollution occurs in precipitation water -PAHs (naphthalene, phenanthrene, fluorene, acenaphthene, fluoranthene and pyrene) were detected in rainwater in Hornsund [69] .
The pollution impacts upon rare species in Svalbard, and this influence is dominated by long-lasting organic pollutants. These affect -at most -the species on top of food chain, particularly because these pollutants concentrate in fat, which is a dietary demand in the Arctic for energy reasons [70] . Svalbard and East Greenland polar bears and Svalbard glaucous gull are known to be the animals most affected by organohalogen compounds in the whole Arctic [71, 72] . Also polar foxes and, of marine mammals, ringed and harbour seals are on the list of species endangered with high POPs (persistent organic pollutants) intake [70, 73, 74] . These pollutants can cause several adverse effects upon the immune system, behaviour and reproduction of mammals, birds and fish in the Arctic. The intake of gull eggs, which happens in some northern communities, is even risky for people, because of the level of toxic substances within them [75] .
Research on polar bears shows that the amount of Persistent Organic Polutions (chlorinated hydrocarbon compounds) in their tissue follows an increasing trend from west to east of the Arctic [76] [77] [78] . However, the particular types of organochlorine pesticides reveal different patterns and strength of the trend [71] eg showing a local maximum of chlordane concentration in Western Russian Arctic [79] . Temporal trends of the concentration of chlordanes, hexachlorocyclohexanes, chlorobenxenes, dieldrin and DDT metabolites over the last decade of 20 th century were decreasing, which gives optimistic views for the future of POPs concentration in polar bears [80] . However, not all the legacy contaminants become less abundant over time [78] . Thus, it is very important to monitor those contaminants closely in the pristine Svalbard environment (Table 1) . 
Conclusions
The Arctic is one of the last wild areas in the world which has for the most part remained unchanged. Difficult climatic conditions make regeneration processes a slow process, so the changes caused by anthropogenic activities have a significant impact on the quality of the environment. The introduction of degradation factors such as persistent organic compounds and heavy metals contribute to the breach of homeostatic mechanisms, which in consequence can lead to the collapse of ecological balance.
Climatic factors, high and low pressure, contribute to the transport of air masses. The transportation of pollutants over long distances causes that compounds emitted from industrial plants in Europe, Russia, Canada, Asia and North America are deposited over a large area of the Arctic. In winter and spring, the transport is surprisingly fast, as the emission of pollutants from areas in Europe to Arctic areas is a matter of days. Marine transport of pollutants is significantly slower. It is believed that it takes several decades for pollution to reach Arctic areas [81] .
Pollution originating from distant sources is an increasing threat to Arctic areas. Environmental conditions and geographical location make this area a reservoir of medium volatile organic pollutants. The issue of transport and the fate of persistent pollutants in distant areas has gained increased attention in the last decade. The Arctic, which in the past was considered a pristine area in terms of the influence of anthropogenic pollution, has become an area of their high concentration. Pollution detected in the Arctic shows how important the further of detailed studies are of emission sources, transport routes of pollutants in the environment as well as the possibility of their accumulation in different elements of the ecosystem [8] .
ZANIECZYSZCZENIA OBECNE W RÓŻNYCH KOMPONENTACH
ŚRODOWISKA ARCHIPELAGU SVALBARD Abstrakt: Na przestrzeni ostatnich lat znacząco wzrosło zainteresowanie procesami transportu i losem trwałych zanieczyszczeń w miejscach odległych od centrów przemysłowych, takich jak obszary polarne. Nowoczesne techniki analityczne pozwoliły na przeprowadzenie badań, które dowiodły, że również Arktyka, która w przeszłości była uważana za teren pozbawiony zanieczyszczeń, stała się obszarem o dużej intensywności antropopresji. Archipelag Svalbard wyróżnia się na tle innych rejonów polarnych ze względu na specyficzne warunki środowiskowe oraz położenie geograficzne, które czynią ten obszar rezerwuarem zanieczyszczeń. Monitorowanie stanu środowiska rejonów arktycznych jest niezwykle ważne ze względu na unikatową możliwość obserwacji bezpośredniego wpływu zanieczyszczeń na procesy zachodzące w badanym obszarze. Uzyskane w ten sposób dane pomiarowe stanowią cenne źródło informacji nie tylko o zmianach zachodzących w ekosystemie Arktyki, ale również pozwalają na oszacowanie wpływu określonych ksenobiotyków na środowisko w skali globalnej. Ponadto badania rodzaju i ilości substancji chemicznych zdeponowanych w różnych elementach ekosystemu stanowią podstawę do podejmowania działań, które mają na celu zapobieganie negatywnym oddziaływaniom zanieczyszczeń.
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